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Abstract 

Ultra-intense laser-matter interactions provide a iinique source of temporally 

short, broad spectriim electrons, which may be utilized in many varied appli- 

cations. One such, which we are pursuing, is as part of a novel diagnostic to 

trace magnetic field lines in a magnetically-confined fusion device. An essen- 

tial aspect of this scheme is to have a detailed characterization of the electron 

angular and energy distribution. To this effect we designed and constructed 

a compact electron spectrometer that uses permanent magnets for electron 

energy dispersion and over 100 scintillating fibers coupled to a 1024x1024 

pixel CCD as the detection system. This spectrometer h a s  electron energy 

coverage from 10 keV to 2 MeV. 1% tested the spectrometer on a high inten- 

sity to IO2' W/cm2) short pulse (< 100 fs) laser, JanUSP, at Lawrence 

Livermore National laboratory using various solid targets. The details of t,he 

spectrometer a,nd the experimental resiilts will be reported. 
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I. INTRODUCTION 

The  characterization of hot electrons produced by ultra-intense laser-matter interact ions 

is not only critical to the understanding of laser plasma physics [l]: but also important to 

many applications making iise of the temporally short: broad spectrum of electrons. One of 

these applications, being pursued at Lawrence Livermore National Laboratory (LLNL) is a 

novel diagnostic for tracing magnetic field lines in a magnetic fusion device, such as a sphero- 

mak [2]. In this scheme a burst of hot electrons is produced by a short pulse laser incident 

on a solid object (such as an injected pellet), which, after propogating through the magnetic 

field enviroment of the fusion device, strick a wall and prodiice an observable x-ray signal. 

An essential aspect of this scheme is to understand the energy and angular distribution of 

the electrons produced, given certain laser parameters such as laser intensities and prepulse 

conditions. However, no sufficiently detailed information on the electron production from 

a thick solid target is presently available: to date, efforts made to obtain the electron pro- 

duction at various laser piilse length and intensities have produced diverse results. These 

include those measuring the secondary x-rays [3-61 and those directly measuring electrons 

using magnet-based spectrometers [7,8]. 

To obtain the required electron prodiiction data., we designed and constructed a new Fiber 

Array Compact Electron Spectrometer (FACES). The spectrometer uses dipole magnets 

to  produce a magnetic field to  disperse electrons at different energies. This is the same 

approach as those direct electron measiirements by Ma1a.k and Miqiiel [7] a n d  Gahn et  a1 

[$I. In particular, Gahn et al. [8] also used scint.illat,ing fibers coiipled to a CCD to detect 

electrons, which is of t,he sa,me principle as oiir FACES spectrometer. The instrument. 

reported here is designed to be more compact. and versatile with higher energy resolution. 

In this  paper: we describe the design and assembly of the FACES spectrometer: as well 

as preliminary measurements of the electrons produced with t h e  high intensity ultra-short 

pulse laser JanUSP at LT,NT,. 



11. SPECTROMETER DESIGN 

A schematic of the F-4CES spectrometer is shown in Fig. 1. Electrons collimated by 

the slit enter a dipole magnetic field: there they are dispersed energetically along the side 

where the detection fibers are placed. Stray visible light is blocked by an aluminized mylar 

foil (0.2pm thickness AI on O.5pm thickness mylar) covering the entrance slit (tantalum, 

width 8 mm). Fibers are also placed on the back of the spectrometer in the straight-through 

direction to  pick up any signal produced by hard x-rays and y rays that are not dispersed 

by the magnetic field. 

A uniform magnetic field is generated by permanent magnets sandwiched by t,wo plates 

of cold rolled steel (area 10 cm by 5 cm). The spacing of the two plates is adjustable to 

produce an even magnetic strength (less than 5% variations) across t.he area of interest. We 

can vary the magnetic field by using magnets of different strengths; for example, magnetic 

field strengths from 100 to 1000 Gauss will disperse electrons with energies of 10 keV up 1.0 

several MeV. 

For detection, we chose to use scintillating fibers routed to a charge coupled device 

(CCD). This scheme has several advantages over other detect.ion methods such AS silicon 

diodes or scintillators coupled to photon multipliers. First, with fibers, t,he spectrometer 

can have many more channels (increasing the energy resolution). Second, scini,illat,ing fibers 

can be chosen l,o be relatively insensitive to x-rays and y rays. The scintillating fibers 

we employed are polyst,yrene-based fast green (emission at  492 nm) scin t,illal,or (RCF-20) 

with diameter of 0.5 mm. maniifactiired by BICRON Saint-Gobain lndust,rial Ceramics, 

Tnc [9]. They were coated w i t h  Extramural Absorber (EMA) to eliminate optical crosstalk. 

Technical data including scintillating eficiency and t,ransmission emciency are available from 

the manufac1,urer. The fibers are placed 1 mm apart along t.he sides of l.he magnets. This 

corresponds 1.0 an  energy resolution up to 1%. 

We used a 1 &bit. wal.er-cooled: 1024x1 024 pixel CCD designed and hiiilb ai, l,T,NT, [lo: 1 I ] .  

The CCD sensor is a STTe TK1024 [la] wil,h a 1:l fiber-op1.ica.l window biiilt. in. 
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A t,otal of 120 individual fliiorescing fibers transmit. the phol.ons from the elect,ron spec- 

trometer t.o t,he surface of the 1 inch square CCD. These were hand loaded and epoxied into 

a custom designed delrin fiber array holder, then polished 1.0 1 micron level smooth surface. 

This array was then attached to a spring loaded holder t,liat allowed t.liis polished fiber ar- 

ray to be carefully and accurately coupled to the surface of the CCD wit,hout applying any 

undue pressure to the fiber optical surface at the CCD chip. 

The housing of the spectrometer was designed so t . h t  the FACES package is as compact 

as possible. Fig. 2 shows the assembly of t.he package. The whole spectrometer is placed 

in a light-tight half-inch thick aluminum box with outermost dimensions of 8.25 inch x 7.25 

inch x 3.75 inch. Extreme care has been taken in the design to ensure complete shielding of 

the spectrometer from possible laser-indiiced electro-magnet,ic-pulses (EMP). The aluminum 

enclosure is then plated with 0.125 inch thick tantalum sheets. A s  an extremely dense higli- 

2 metal, tantalum shields the spectrometer volume from the stray electrons, high-energy 

x-rays, y rays, and other energetic particles generated from the laser-target, interactions. 

The  water lines and CCD conlxol are fed through the shielding. 

111. EXPERIMENT ON THE JANUSP LASER 

We performed experiments on the Ja.nUSP Ti:sapphire laser [13,14]. Tt has a pulse 

lengt,h of 100 fs and delivers up to 10 J laser energy at. 800 nm. The laser is focused with 

an f/2 parabola to a focus spot. size of about. 3.5 pm,  and i .he laser intensity ranges from 

IOl7 - 1020W/crn2. The experimenl.al setup inside t,he JanUSP ctiamber is shown in Fig. 3. 

The target for the experimen1,s was high piiri1.y iron slab ( I  mm l.hick, 2 mm wide an(] 50 

mm long). The laser is incidenl on 1 . 1 ~  I.argel at 22.5 degrees ofT normal. Ttie spect,romeler 

slit is aligned 30 degrees from t,he laser 1)ea.m. i.e. 52.5 degrees ofT normal, and 23 cm away 

from 1 . 1 ~  i,argei.. The cha,mber i s  at a vaci~iirn of - I O F 5  1.orr during these experiments. 

1% operated t tie laser in 1 . 1 ~  energy range from 10 mJ lo 150 mJ. The magnetic strengt.11 

of the spectromekr was sel. l o  eil her 150 Gauss or 1000 Gauss, 1 o measure electron energies 



up to 1.3 MeV and 6 MeV, respectively. After taking data at each laser shot., we took back- 

ground data 1.0 account for the CCD thermal noise. The background was t.tien subtracted 

from the signal (luring data process. To ensure the fiber signals are from the electrons and 

not other sources, we inverted the magnetic field to deflect the electrons to the side oppo- 

site to the electron-dispersion fibers. Under this condition, we detected no signals from the 

fibers on the dispersion side. From the fibers placed on the side opposite to the entrance 

slit, in a shot with laser energy of 3 J, we detected a very weak signal from three fibers 

directly facing the slit . These signal is attributed to hard x-rays and y rays. There is no 

obserable signal from x-rays and y rays at - 100 mJ  laser shots. Further evidence for the 

spectrometer detecting electrons came from measurements from shots at  same laser energies 

but with different magnet strengths. As shown in Fig. 4: the signal (which is proportional 

to the number and energy of electrons) shifts along the dispersion plane, corresponding t.0 

the dispersion function for the two magnet strengths. 

The data  processing takes into account the energy absorption by the fibers at  different 

electron energies using dat.a from ESTAR [15]. Fiber scintillating efficiencies and transmis- 

sion efficiencies are calculated using data provided by the manufacturer [9]. Finally, we took 

into account the CCD quantum efficiency (15%) and gain (3.7 electrons/coiint.) to derive the 

number of electrons collected by each fiber whose location corresponds to a given energy. 

Fig. 5 shows preliminary results from our measurements a t  a laser energy of 112 mJ. There 

are a couple of data points that are particiilarly low counts. This is due to their relatively 

low fiber efficiency. A more thorough calibration using a known electron source is planned, 

which will account for these fiber variations and validate the efficiency calculations. 

IV. SUMMARY AND FUTURE PLAN 

We have described a new fiber-array-based compact. electron spect,romet er, FACES for 

measuring the hot, electron disl ribution produced by intense laser-target, int.era.ct.ions. Ex- 

perimenh on a short pulse laser prove 1,tiat the spectromeier is sensit,ive 1.0 t tiese electrons 
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and insensitive to other forms of high energy radiation produced by 1,he laser. It was de- 

signed to be flexible and easy to use and proved to be so. An absolute calibration of the 

spectrometer is planned which will use a newly built elect,ron gun [16]. 

Detailed measurements are being obtained on the JanUSP laser: including systematic 

measurements of electron production from various target materials at different detection 

angles and laser intensities. 
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FIGURES 
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FIG. 1. Schematic diagram of the electron spectrometer. 

FIG. 2. Photograph of the Fiber Array Compact Electron Spectrometer (FACES). Thc dimen- 

sions are in unit of inches. 



FIG. 3. Diagram of the FACES setup in the JanUSP vacuum chamber. 

Distance to sln (an) 
FIG. 4. Signals taken for Fe target at 120 m J  laser energies from two spectrometer magnetic 

strength setups: 1000 Gauss and 150 Gauss. 
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FIG. 5. Flcctron distribution from a Fe target at 112 m J  laser encrgy. 
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